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The enigma of LIM domains
LIM domains are two-zinc-finger structures found in proteins that have diverse
functions. They are proposed to be protein dimerization motifs that assemble
protein complexes necessary for growth, development and adaptive responses.
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LIM domains (LIMs) are protein motifs comprising
approximately 55 residues, with the primary sequence
CX2CX6-23 HX2CX 2CX 2 CX 16_23CX2C (where X is
any amino acid). LIMs join an increasing number of
sequence motifs, including SH2, SH3, phosphotyrosine
binding, pleckstrin and leucine zipper domains, that are
widely distributed amongst proteins of diverse function.
These cysteine-rich LIM domains bind two atoms of
Zn2 +, the tetrahedral coordination being S3 N and S4 [1].
The acronym LIM derives from the three homeodomain
proteins first recognized as sharing this structural feature:
lin-11, which functions in asymmetric division of
Caenorhabditis elegans 20 vulvar blast cells [2]; isl-1, which
binds the rat insulin I gene enhancer [3] but has its major
function in motor neuron development; and mec-3,
which is essential for proper differentiation of touch
receptor neurons in C. elegans [4]. LIMs are widely
distributed in nature, being found in plants, yeast, and
a variety of metazoans. Most LIM proteins contain more
than one LIM domain; particular LIMs within a protein
are evolutionarily conserved as they are closer to the cor-
responding LIM in the same protein from other species
than to other LIMs present within the same protein. This
suggests specificity of function for individual LIMs and
diversity of function within a protein. The mechanism of
LIM function has not been established but the finding
that proteins such as rhombotins (renamed LIM-only,
LMO) and cysteine-rich proteins (CRP) contain very
little sequence information that is not found within a
LIM domain supports the hypothesis that LIMs act as
protein-protein interaction motifs. Dimerization among
LIMs and the existence of tyrosine-containing tight-turn
structures within target proteins has been presented as
evidence that LIMs recognize two different structural tar-
gets. Specificity in both the LIM domain and in its target
for protein-protein interaction (and thereby its biological
function) is necessary.
Classes of LIM-domain proteins
Using sequence comparison, Dawid, et al. [5] classified
LIM domains into five groups. The N-terminal LIM of
homeodomain proteins, LMO, and LIM kinase, belong
to group 1, whereas the adjacent LIM is a member of
group 2. The other groups are diverse, and are found in
both LIM-only proteins and proteins containing LIMs at
their C termini. LIM-domain proteins can be classified
either by sequence comparison of their individual LIM
domains or by the types of proteins in which LIMs are
found. A general scheme is shown in Figure 1. The first
group consists of the LIM homeodomain proteins. In
these proteins the LIM domains and homeodomain are
located at the N-terminus and C-terminus, respectively.
This is the largest and fastest growing group and contains
homologous genes from C. elegans, Drosophila, Xenopus,
zebrafish and vertebrates. The LIM-only proteins contain
one to five LIMs and each protein may have multiple
family members. Consistent nomenclature for this and
other groups is under development. Proteins in the third
group are similar only in the C-terminal location of
LIMs, although most of the proteins are cytoplasmic. A
fourth group contains any that do not easily fit into the
above three. Such a general classification emphasizes that
LIMs are indeed domains that have been conserved for
protein interactions important in diverse functions.
Structure of LIM domains
LIM domains are signified by a specific spacing of cys-
teine residues in their primary sequence. The NMR
structure of the C-terminal LIM of CRP indicated that
two Zn2+ atoms were bound independently in the
Cys3His and Cys4 modules [6]. The core structure of this
LIM domain is predominantly an antiparallel 3 sheet with
the two Zn2+-binding modules located at either end of a
hydrophobic core. In Figure 2a the sequences of the three
LIMs of enigma are aligned with LIM2 of CRP, with the
secondary structural motifs highlighted above. Figure 2b
shows features of the structure of CRP. Of the four sheets
in CRP, 131 and 133 contain a rubredoxin-type turn char-
acteristic of the metal chelating domains of iron-binding
rubredoxins. The N-terminal Zn2 +-binding module
is formed by Cysll118, Cysl21, His139 and Cys142.
Hisl39-Cysl42 forms a tight turn between 32 and 33.
His139, at the C-terminal end of the second sheet,
coordinates to Zn2 + through the N81 nitrogen. There is
some variation in residues coordinating Zn2+ as LIM1 of
enigma contains glutamine in place of the Cys142 of
CRP and LIM2 of enigma contains aspartate in place of
the cysteine at residue 169 of CRP. This pattern of vari-
ability is found in other LIMs and CRP with aspartate
substituted for Cys169 continued to bind two Zn2+
atoms [7]. LIM1 of enigma binds two atoms of Zn 2+ in a
manner consistent with oxygen rather thaA sulfur coordi-
nation (D Winge, personal communication). Zn2 + bind-
ing in LIM domains is thus accomplished via S4, S3 N1,
S301, and S2 N101 coordinations. Variability appears
limited to the fourth and eighth cysteine positions as
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Fig. 1. Types of LIM-domain proteins.
Classification is adopted from [5] and
references to the primary structures are
contained therein. LM02, LIM only pro-
tein 2; CRP, cysteine-rich protein; SF3,
sunflower 3, now named PLIM-1 (pollen
LIM-1); LRG 1, LIM-Rho/rac GAP.
substitution of cysteine by histidine at the second position
(Cysl21 in CRP) resulted in a molecule that bound only
one Zn2 + atom in the C-terminal Cys4 module and sub-
stitution at the fifth cysteine position (Cysl42 in CRP)
abolished all Zn2+ binding [7]. The N-terminal Zn2 +
module thus consists of CC (H,C,D) (C,H,E) and the
C-terminal Zn2 + module of CCC (C,H,D). Metal bind-
ing is essential for protein structure and binding appears
sequential, with the C-terminal module occupied first,
followed by the N-terminal module.
Hydrophobic residues constitute the core of LIM2 of
CRP and similar hydrophobic residues are conserved in
all LIM domains. The ring structures of Trp138 and
Phe143 are aligned in parallel within the core of CRP; a
ring structure is conserved in LIM domains at the
Trp138 position but only conservation of a hydrophobic
residue occurs at the position corresponding to Phe143.
The two Zn2+-binding modules differ in that the subse-
quent residues of the Cys4 module adopt an -helical
conformation whereas the corresponding residues in the
Cys3His module form a tight turn. The unique structure
of LIMs does not readily explain how individual LIM
domains specifically interact with target molecules and
therefore the structure of a LIM-domain-target complex
is required. Specificity is likely to reside in the central
portion of the LIM, that is stabilized by the two Zn2 +
modules at the ends.
LIM-domain interactions
Tetrahedral coordination of Zn2+ is a reiterated occur-
rence essential for the tertiary structure of diverse protein
motifs including zinc fingers, ring fingers and B boxes.
The structure of the LIM domain of CRP differs signifi-
cantly from that of zinc and ring fingers. Although the
global fold of a LIM domain is unique, the C-terminal
Cys4 module of CRP LIM2 resembles that of the
GATA1 and glucocorticoid receptor transcription fac-
tors. Despite this homology, there is no evidence for LIM
domains binding to specific DNA sequences and avail-
able evidence favors the cncept that LIM domains func-
tion as protein-protein interaction motifs for assembly
of functional complexes. The existence of LIM-only
proteins (i.e. proteins that lack other sequence motifs)
provides one of the strongest arguments that LIM do-
mains specify protein-protein interactions. Two structural
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Fig. 2. Structure of LIM domains.
(a) Alignment of LIM2 of CRP with the
three LIM domains of enigma. The cys-
teine and histidine residues that form the
two Zn2+ coordination modules are
boxed and in yellow and the conserved
residues of the hydrophobic core located
between the two modules are in green.
The orthogonally-arranged antiparallel
p sheets are indicated by brackets.
(b) The core structure of LIM2 of CRP,
determined by NMR. Side chains of the
Zn2+ coordination residues and of the
hydrophobic core are colored as in (a).
Zn2+ atoms are represented by red
spheres. The figure was constructed on
the basis of the data from [6].
targets have been identified for LIMs: other LIMs and
tyrosine-containing tight turns, but proof of function is
not available for either. Using gel overlay and GST-fusion
binding assays, Schmeichel and Beckerle [8] demon-
strated that zyxin, which contains three LIMs at its C ter-
minus, bound to CRP. Interaction with CRP was
specific for LIM1 of zyxin and neither LIM2 nor LIM3
of zyxin, nor the LIMs of mec-3, bound. Using similar
techniques, ot-actinin, the other protein associated with
zyxin in adhesion plaques, bound the N-terminal pro-
line-rich region of zyxin, not the LIM domains. Human
CRP was shown to homodimerize [9]; specificity was
not apparent as interactions occurred with either of the
two LIM domains of CRP. Although these studies indi-
cate LIM-LIM interactions may occur, they do not easily
explain cooperative interactions involving LIM-contain-
ing proteins that enhance transcription as the putative
targets lack LIM domains.
Enigma contains three LIMs at its C terminus [10]; it was
discovered in a two-hybrid sreen using exon 16 of the
insulin receptor (InsR), a 22 amino acid region charac-
terized by two tyrosine-containing tight turns [11]. Only
LIM3 of enigma bound specifically to the proximal tyro-
sine-containing tight turn that is essential for ligand-
induced endocytosis of InsR. LIM3 of enigma
specifically bound a short fragment of exon 16 with the
sequence GPLGPLYA and did not recognize endocytic
and other trafficking codes present in other receptors,
many of which consist of tyrosine-containing tight turns.
More than 12 LIMs have now been tested and only
LIM3 of enigma binds InsR via exon 16. Thus, there is
specificity in both the LIM and the target, a feature
expected to be necessary for in vivo function. It has
recently been demonstrated that LIM2 of enigma recog-
nizes a region containing a tyrosine-containing tight turn
motif in a second receptor tyrosine kinase (R-Y Wu, KP
Durick, SS Taylor and GN Gill, unpublished data).
Specificity is high as there is no cross-reactivity of LIM2
and LIM3 of enigma with their respective targets.
Function of LIM domains
Given the initial recognition of LIMs as structural motifs
present in homeodomain proteins identified by defective
development in C. elegans it is not surprising that LIM
proteins are also important regulators of development in
vertebrates. Various LIM homeodomain proteins display
unique patterns of expression during development and
disruption of these genes disrupts normal development.
In Xenopus gastrula embryos, Xlim-1 is expressed in the
anterior-most dorsal mesoderm, within Spemann's orga-
nizer, a region that gives rise to the head and forebrain
[12]. The mouse homolog LIM 1 (Lhx- in the revised
nomenclature) shows a similar distribution as well as later
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expression in portions of the central nervous system and
kidney, a pattern also exhibited by Xlim-1 [13]. Mice that
are homozygous for disrupted Lhx-1 lack all head struc-
tures anterior to the hindbrain [14]. These striking results
implicate Lhx-1 as essential to the organizer's function in
the development of head structures. Body development
was intact, although the few headless mice that survived
to birth lacked kidneys and gonads consistent with a sec-
ond function that parallels the later expression of Lhx-1
in mouse development. Lhx-1 is hypothesized to control
transcription of target genes essential for cell specifica-
tion and for recruitment of these cells into developing
midbrain, forebrain and head structures.
Isl-l, initially cloned on the basis of its interaction with
the rat insulin I gene enhancer, is expressed in pancreatic
islets, but more strikingly appears early in motor neuron
development, before the expression of differentiated
motor neuron markers [15]. Isl-1 expression is induced
by sonic hedgehog (Shh), a peptide morphogen. Shh,
produced by the notochord in the caudal portion of the
developing neural tube, induces ventral floor plate and
motor neurons in a concentration-dependent manner
[16], the motor neurons being identifiable by the appear-
ance of Isl-1. Shh is expressed along the entire ventral
domain of the neural tube and induces Isl-1 positive cells
in both the diencephalon and telencephalon. The
appearance of these cells is distinct from that of motor
neurons [17]. It is now known that Isl-1 is required for
neuroepithelial cells to differentiate into motor neurons
(S Pfaff, personal communication) but this may be only
one of its multiple functions in development.
LIM homeodomain proteins are not the only LIM pro-
teins that control important developmental decisions. The
LIM-only protein rhombotin 2 (LM02) is essential for
erythroid development [18]. LMO1 and 2 were initially
identified in chromosomal translocations into the T-cell
receptor locus in acute T-cell leukemia [19-21]. Because
these genes are not normally expressed in T-cells, this
chromosomal translocation was proposed to deregulate
their transcription. This hypothesis was confirmed, by
targeting LMO 1 and LM02 expression via T-cell-specific
promoters in transgenic mice [22,23]. Aberrant expres-
sion of LMO1 and 2 in T cells resulted in acute T-cell
leukemia, although with a long latency period, suggesting
that the accumulation of secondary defects may be neces-
sary for full malignant transformation. LMO1 and LM03
are expressed primarily in the brain whereas LM02 is
more widely expressed; fetal liver, the major site of ery-
thropoiesis, has the highest level of expression. Targeted
disruption of LM02 resulted in embryonic lethals due to
failure of erythropoiesis [18]. Normal in vitro differ-
entiation of ES cells to hematopoietic colonies was also
abrogated by disruption of LM02 confirming a direct
involvement for LM02 in erythroid development.
Two transcription factors involved in erythroid develop-
ment are the Tal 1 helix-loop-helix and the GATA 1
Zn2+-finger proteins. Targeted disruption of GATA 1
results in defective erythroid development with arrest
occurring at a similar stage to that following disruption
of LM02 [24]. Tal 1 is co-expressed with LM02 in
erythroid cells and either, or both together, may be
rearranged in acute T-cell leukemia. Co-immunoprecipi-
tation experiments revealed an association between Tal 1
and LM02 [25]. In T-cell leukemia lines, similar experi-
ments revealed that LMO1 associated with Tal 1 to a
small extent and to a greater extent with a 46 kDa pro-
tein of unspecified function. Functional interactions
between LMO1 and 2 and Tal 1 were demonstrated using
two hybrid approaches in Jurkat cells [26]. Tal 1 showed
specificity for the LIM domains of LMO1 and 2; CRIP,
CRP and zyxin LIMs did not interact with Tal 1. LM02
interactions were restricted to Tal 1 and the related
bHLH proteins Tal 2 and Lyl 1 and it did not interact
with a variety of other bHLH proteins. Moreover, two
hybrid analysis indicated that LM02 enhanced the tran-
scriptional effects of the heterodimeric E47-Tal 1 com-
plex that binds to DNA E-box sequences (CANNTG).
These results support the hypothesis that LM02 (and
LMO1) interacts with specific bHLH proteins to enhance
transcription of target genes essential for developmental
decisions. The Zn 2+-finger GATA1 transcription factor is
a second target for LMO interaction [27]. LMO proteins
that contain two LIMs might, in fact, assemble diverse
transcription factors into unique combinations.
A conceptually similar mechanism has been proposed for
LIM homeodomain proteins as synergistic activation of
the rat insulin I gene promoter by the LIM homeo-
domain protein lmx-1 and the bHLH E47 protein
requires the LIMs of lmx-1 [28]. Removal of the LIMs of
lmx-1 or substitution of the LIMs of Isl-1 for those of
lmx-1 abolished the synergistic activation, attesting to
specificity of LIMs for this reaction. Whether the func-
tional synergy between E47 that binds to an E box and
lmx-1 that binds to a distinct 'A' element in the pro-
moter reflects direct or indirect protein interactions
remains uncertain. The LIM homeodomain protein
mec-3 and the POU homeodomain protein unc 86
cooperatively bind DNA sites in the mec-3 promoter in
vitro [29]. Although this direct interaction does not
appear to be dependent on the LIM domains of mec-3,
deductions from analysis of mutant phenotypes suggest
the cooperative interactions are functionally important.
Lhx 3 (P-LIM), a LIM homeodomain highly localized to
the developing anterior pituitary gland, synergizes in
transcriptional activation with Pit 1, a POU homeo-
domain protein [30]. Because homeodomains appear to
bind DNA better when trimmed of other sequences,
DNA binding and enhanced function by LIM-deleted
homeodomains must be interpreted with caution.
Because LIMs function as protein-protein interaction
motifs, it should be possible to identify interacting part-
ners and to deduce pathways important for signal
transduction, development, growth and cytoskeletal
rearrangements. The precedence for this was established
by SH2 and SH3 domains which provided the key to
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assembling the pieces of a highly conserved mitogenic and
developmental pathway [31]. Many interesting LIM pro-
teins have been described and their roles in cellular func-
tion will clearly be diverse (Table 1). A number of gene
knockouts are in the pipeline and will undoubtedly high-
light the importance of LIM homeodomain proteins in
development. The results of such studies underscores the
importance of solving the enigma of how LIM domains
carry out their recognition function in diverse proteins.
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Table 1. Proposed functions of LIM proteins.
Development LIM homeodomain
LIM-only LMO2, MLIM
Cytoskeletal structure paxillin, zyxin, CRP
Signalling and trafficking LIM kinase, enigma
Growth control transformation: LM01 and 2
anti-transformation: CRP, ril
